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interest. To do so, the design curves given in [25] were used.  
For the pin dimensions given in Fig.5, the stopband ranges 
from 26GHz to 46GHz. The corresponding dispersion diagram 






Fig.5 Dispersion diagram for unit cell;  a = 0.8mm, h = 0.5mm, d = 2.25 mm.  
As mentioned in [25], the air gap spacing ‘h’ between the 
substrate and the pin plays a very significant role in 
determining the extent of the stopband. The smaller the value 
of this air gap, the larger is the stopband for parallel plate 
modes. In this work we had chosen a value of 0.5 mm for the 
parameter ‘h’ everywhere in the package except at the location 
of the amplifier chips. Regular surface mount amplifier chips 
usually have a height of approximately 0.8mm. This led to the 
shortening of the pin heights above the amplifier location by 
0.8mm and consequently the value of ‘h’ was changed in these 
locations. This would create a lid with non-uniform pin 
heights, breaking the homogeneity in the periodic structure 
and affecting the stopband for parallel-plate modes as well the 
isolation performance.  It is to be noted that we tried to place 
two rows of pins in the space between the two dummy 
amplifier chips, so as to provide enough isolation between the 
two adjacent elements on the main substrate.  
In reference [20] and [26] it was shown that with two rows 
of pins the electromagnetic wave propagation was suppressed 
up to a level of 45dB. This was considered to be enough for 
isolation between adjacent two elements in an amplifier chain, 
because each of these amplifiers was expected to operate with 
a maximum gain of approximately 18dB. The expected overall 
isolation between the input and output ports was of course 
much better than 45dB because there were in total 8 pin rows 
between these two points.  
The computed isolation between two cascaded dummy 
MMICs with two rows of pins between them is shown in Fig. 
6(a), for the ideal PMC packaging case (located at height 
1.0mm above PCB), for the case of a uniform pin grid at 
height 0.5mm above the PCB, and actual non-uniform height 
pin lid.  The total isolation between the input and output ports 
of the whole chain is shown in Fig. 6(b). We found that there 
was a clear degradation from PMC to uniform pin grid, and 
further to non-uniform pin grid, but the isolation was still good 
enough for non-uniform case. This was of course the best case 
scenario for isolation. In practice, with inclusion of bias lines 
and real amplifier chips, the total isolation might deteriorate. 
For comparison, we include in Fig. 6 (c) the computed results 
for a case of metal lid with and without absorbers when two 
adjacent dummy chips were separated by metal wall shielding. 
We found that the results over Ka band for the case of 
absorbers had similar levels as mentioned in [2] and were 
15~20dB worse than PMC packaged cases in Fig. 6 (a). 






















Fig.6 (a) Computed isolation between the input of one of the MMIC amplifier 
chip  and the output of the adjacent one 




















Non uniform Pin lid case
Ideal PMC case
 
Fig.6 (b) Computed total isolation between input port and output port of the 
complete chain.  





















Fig.6 (c) Simulated total isolation between adjacent components with metal 




III. TEST CIRCUIT FOR AMPLIFIER CHAIN ISOLATION 
MEASUREMENTS 
This section describes the test circuits that were used to 
measure the isolation between amplifier chains.  The two 
isolation cases investigated in this work are shown below in 
Fig.7.  
 
Fig.7(a) Test circuit for isolation evaluation  of  a single amplifier chain (side 
walls not shown) 
 
 
Fig.7(b) Test circuit for isolation evaluation  of  side by side  amplifier chain 
(side walls not shown)  
   Firstly, the output to input isolation performance was 
tested for a single chain high gain amplifier circuit in the 
presence of a gap waveguide package (realized as a pin lid 
package) and a conventional metal wall package with 
absorbers. Secondly, two high gain amplifier chains were 
placed side by side (in opposite direction) as a model of 
parallel transmitter and receiver amplifier chains in a full 
duplex microwave system. Then, the isolation performance 
was evaluated for these two amplifier chains when they were 
shielded (packaged) with both pin lid package and a 
conventional complete metal wall screening or shielding.   
 
Fig.8 Test circuit with RF section and dc circuitry arrangement (side walls not 
shown). 
The absorber used in the metal package was Eccosorb LS 
with a thickness of approximately 2.5mm, from Emerson & 
Cuming. The whole structure in case of traditional metal 
package was divided into two sections where each cavity had 
a dimension of 30×25×4 mm3 and holds two amplifiers. This 
decision originated from practical design experience of having 
around 20dB gain in each cavity. However in this work, the 
total possible forward gain was more than 25dB in each 
cavity. This allowed us to perform the maximum gain test and 
the self-oscillation test of the amplifier chains with the 
necessary positive loop gain for the isolation level worse than 
25dB.  The cavity size was kept larger than the two chip sizes 
due to the presence of DC connectors, dc signal path and some 
signal lines to connect from one amplifier to the next. The 
dimension of the holes in the sidewalls for running the signal 
line from one compartment to other was 2.0×1.0 mm2. 
The amplifier chains used in the test circuits consisted of 
four variable gain amplifiers from UMS (CHA3694-QDG) 
and were placed on the Arlon main substrate. This main 
substrate was attached to a smooth metal plate by using silver 
epoxy. Passive components such as capacitors and resistors, as 
a part of the biasing network, and DC-connectors were placed 
in another FR4 substrate and were attached on the other side 
of the same metal plate. DC and RF sides were interconnected 
using Samtec’s through-hole headers. The DC and RF 
arrangements are shown in Fig.8. 
IV. MEASUREMENT RESULTS 
A. Isolation performance of single chain amplifier: 
Two experimental approaches were followed to test the 
isolation performance of the single chain amplifier: stable gain 
test and self-oscillation test, both being shown in Fig. 10. In 
the first approach, the amplifier chain under test was simply 
connected with Anritsu 36397C VNA, and a universal test 
fixture (UTF) from Rosenberger was used for launching the 
signal for S-parameter measurements. We increased the gain 
in the amplifier chain by varying the control voltage until 
there was a tendency that the amplifier started to oscillate. The 
UTF is an open port fixture, so we used absorber materials 
around the port location to absorb any possible radiation from 
the launching probes.  In this approach, the input signal at port 
1 was intentionally set to a low value in order to avoid 




The second approach was a self-resonance test where the 
input port of the first stage amplifier was connected with a 
50Ω resistor (and no signal source), and the output of the final 
stage amplifier was connected to a spectrum analyzer. As 
mentioned in the previous section, the amplifiers used in this 
work were variable gain amplifiers. Thus, we varied the gain 
of each amplifier by changing the control voltage, and 
observed when resonance peaks appeared at the screen of the 
spectrum analyzer. Both these tests were complementary to 
each other and were performed to cross-check the isolation 
performance.  
 
Fig.10 Test setups for single chain isolation performance test 
     We tested two identical amplifier chains here, one 
packaged with the gap waveguide pin lid and the other with a 
conventional metal cavity. It needs to be mentioned that the 
main substrate used for amplifier chain with pin lid package 
did not require grounded vias. On the other hand, ground 
strips with vias (to meet the lid walls) were used on some 
locations of the main PCB for amplifier chain with 
conventional metal wall package as shown in Fig.16. This was 
the reason for using two separate amplifier chains. In Fig.11, 
S21 measurements for a control voltage corresponding to a 
reduced gain are shown for these two amplifier modules. It 
was easily noticed from this figure that- the gain curves were 
not very flat over the frequency band. However, the emphasis 
in this work was not the matching and S21 flatness quality but 
on achieving the high gain in order to effectively investigate 
self-oscillation and feedback tendencies. Measurement results 
for stable gain test for a single chain amplifier is depicted in 
Fig. 12(a) and Fig.12 (b). It was clear that- more than 60dB 
stable gain was achievable for gap waveguide pin lid 
packaging. On the other hand, the tendency of oscillation was 
clearly observed already at about 40dB gain in the case of a 
traditional metal wall package with RF absorber. Based on the 
small-signal s-parameters obtained during all these gain 
measurements, the μ1- factors were calculated for the two 
cases of packaging under different control bias voltages and 
are shown in Fig. 12 (c). For pin lid package, the μ1- factors 
remained more than 1 for both the lowest and highest bias 
voltages. On the other hand, for conventional metal wall 
packaging, the μ1- factor became less than 1 at Vcon = 0.48V 
over certain frequencies showing an unstable condition of 
operation.     
Once the stable gain tests were performed, the self-
oscillation test for the single amplifier chains was also done. 
As mentioned earlier, the input of the first stage amplifier in 
this test was connected with a 50Ω load. So, the amplifier 
chain would amplify only the noise signal generated within the 
circuit, and the noise floor would move upwards with 
increasing gain. The results for self-oscillation test are 
depicted in figures 13(a) and 13(b). From these self-oscillation 
measurement results, similar conclusion could be drawn as 
was drawn in the first approach of maximum stable gain 
measurements. No oscillation peaks were observed for gap 
waveguide packaging (pin lid packaging) even after 65~70 dB 
total gain. On the other hand, for traditional metal wall 
packaging with absorbing material, resonance peaks appeared 
at around 40dB of total forward gain. An overall 25~30dB 
output to input isolation improvement was thus achieved with 
the gap waveguide packaging technique for this high gain test 
amplifier chain circuit. 
 
Fig.11 Measured S21 for two amplifier chains for control voltage of -0.3 volt. 




























Fig.12 (a) Measured Gain curves for an amplifier chain packaged with pin lid 















Amp chain: Metal wall package































Fig.12 (b) Measured Gain curves for an amplifier chain packaged with metal 
wall and eccosorb 
 
Fig.12 (c) Calculated μ1- factors for two packaging cases 
 
Fig.13 (a) Self-oscillation analysis for an amplifier chain packaged with pin 
lid. 
B. Isolation between two amplifier chains located side-by-
side: 
All full-duplex systems with simultaneously operating 
transmitters and receivers require an excellent isolation 
between receive and transmit paths for preventing the transmit 
 
Fig.13 (b) Self-oscillation analysis for an amplifier chain packaged with metal 
wall and eccosorb 
signal to cause saturation and intermodulation distortion in the 
sensitive receiver part. Particularly, the coupling between the 
final stage transmit amplifier and the first stage LNA of the 
receiver chain is of great importance due to the high difference 
of transmit and receive signal levels. In this work, such two 
amplifier chains were placed side-by-side (to emulate the 
transmit and receive scenario), and sidewise isolation 
performance was measured in presence of gap waveguide 
shielding and conventional metal wall shielding.    
The block diagram for this test setup is shown in Fig. 14 and 
the details of the test circuits were already shown in Fig.7 (b). 
Both the amplifier chains used in the test circuit were adjusted 
for a moderate gain of 30dB to avoid any self-oscillation and 
instability. The input signal was supplied from a Rohde & 
Schwarz-SMR40 signal generator and the signal amplitude 
was always adjusted to have a constant Pout 1 = 10dBm at the 
final stage of amplifier chain for all measurement frequency 
points. An Agilent-E4418BEPM power meter and Agilent-
8564E spectrum analyzer were used in the test setup to 
measure the power levels at different output stages. The 
measured output power at the spectrum analyzer and the 
isolation I can be simply calculated in the following way: 
GainPPIPGainIP outoutoutout  2121 ;  
 
Fig.14   Test setup for measuring isolation between two amplifier chains 



















Gapwave Package,Vcon = -0.3V
Gapwave Package,Vcon = -0.675V
Metalwall Package,Vcon = -0.3V
Metalwall Package,Vcon = -0.48V























Vcon = -0.40V,(G  20 dB)
Vcon = -0.54V,(G  40 dB)
Vcon = -0.65V,(G  60 dB)
Vcon = -0.70V,(G > 70 dB)























Vcon = -0.40V,(G  20 dB)
Vcon = -0.54V,(G  40 dB)
Vcon = -0.65V,(G  60 dB)
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simple milling machine or metal sawing. The above 
mentioned gap waveguide package with a pin lid had been 
used to test the isolation performance in the case of a single 
amplifier chain and  two side by-side-amplifier chains in 30-
40GHz band.  In the case of  the single chain amplifier, the pin 
lid packaging offered an isolation improvement of  25~30dB 
over the metal lid with absorber, and more than 65dB of stable 
gain was achieved, whereas in the traditional metal wall 
package the oscillation tendency was clearly observed about 
40dB of total gain. Both the maximum stable gain test and 
self-oscillation test results agreed with each other and 
confirmed the above statement. Finally, the isolation 
measurements had been done for two amplifier chains placed 
in close proximity. Here also, the pin lid package with 8 rows 
of pins showed better isolation performance. A minimum 
isolation of about 78dB had been achieved with 8 rows of pins 
between the two chains, whereas the traditional complete 
metal wall shielding provided a minimum isolation level of 
64dB. In short, the proposed gap waveguide packaging 
technique is a robust and effective packaging solution for high 
frequency multi-compartment microwave modules and offers 
better isolation performance than traditional metal wall 
solutions with RF absorber within a specific frequency band. 
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